Introduction
Anodic treatment of galvanic tin coating in alkaline solutions is one of the most controllable and effective ways for the passivation of tin. The oxide film formed in this way has a high degree of continuity and provides reliable protection of tin from corroding effect of the environment. An important task is the passivation of tin coatings of steel packaging in the food industry. A third of tin used in the world accounts for the production of tinned sheet [1] . Chemical passivation of tin coatings is typically performed in solutions that contain chrome-containing compounds. Toxic hexavalent chromium oxoanions get into composition of the obtained film. Despite subsequent varnishing, such coating is not environmentally safe. At the same time, electrochemical passivation of the tinned packaging guarantees ecological aspect of protective film with a high corrosion resistance of the oxide layer.
Electrochemical method is employed to receive oxide films for catalysts and gas sensors. Tin dioxide is used as electrocatalyst. Tin monoxide displays photocatalytic properties. Anodic treatment of tin coatings makes it possible to vary the composition of the formed oxide mixture with a high degree of accuracy.
It should be noted that rather important characteristics of oxide films used as catalysts include chemical resistance to the impact of environment. This factor affects the service life of a catalyst. Improving performance characteristics of oxide layers on tin can be achieved through doping these films with oxides of other metals. In this connection, a relevant task is to establish corrosive and catalytic properties of the modified oxide films on tin. 
Встановлено

Literature review and problem statement
Salts of tin belong to non-toxic, which allows using tin coatings for the protection of steel containers of food products from corrosion. A slowdown in the rate of dissolving the protective tin coating under the influence of aggressive medium is provided by an oxide film formed on the surface of tin [2] . The composition and structure of oxide film on tin depend on the conditions of its formation. Passive film on tin, anodically formed in a citrate buffer solution, consists of three layers [3] . Inner layer of small thickness is a tin monoxide. Quite thick intermediate layer consists of tin dioxide. The outer layer is a tetravalent tin hydroxide. Protective properties of oxide film are determined by the composition and structure. Inner oxide layer is characterized by a high degree of defect structure and is low-stable [4] . The formation of protective layer of tin dioxide occurs during oxidation of the metal [5] . Post-oxidation of tin monoxide appears to be unlikely [6] . The presence of tartaric acid in the solution that is in contact with the passivated tin surface contributes to the accelerated dissolution of metal and reduces protective effect of a tin dioxide film [1] . However, anodic treatment of tin in a citrate buffer solution leads to the formation of a passive film, which consists of a slightly-soluble polymeric complex of tin(II) ions with citrate ions [7] .
Anodic treatment of tin coatings in alkaline medium, depending on the magnitude of potential, leads to the formation of various oxides of tin [8] . In the NaOH solution, at a potential of −0.9 V, the white residue SnO·nH 2 O forms, which possesses a weak protective effect. The offset of electrode potential to a positive side leads to the formation of micro dimensional crystals of SnO. In the region of potentials that are more positive than −0.7 V, the SnO 2 films form, which provide tin coatings with reliable protection against corrosion. In [9] , the authors studied the anodic behavior of tin electrode in 0.1 mol/l KOH. The regions of potentials were established, in which compounds of tin with varying degrees of oxidation are formed. The presence of tin monoxide reduces corrosion resistance of the passive film obtained during anodic treatment of tin. Dissolution of SnO in corrosive medium leads to crack formation in the oxide layer [9] . In order to extend lifecycle of the tinned products, it is necessary to solve this problem by modifying the protective anode films.
Electrochemical method of the formation of oxide films on tin in alkaline solutions is employed to obtain catalysts. Thus, anodic polarization of tin in the electrolyte containing 0.125−1 mol/l of NaOH, at a potential of 5−15 V, made it possible to synthesize the nanoporous catalyst SnO 2 with a specific surface of 79.6 m 2 /g [10] . In [11] , the authors investigated effect of the anodic tin treatment conditions on the composition, morphology, and structure of oxide films. The authors of [12] synthesized the SnO anodic films from an alkaline electrolyte. It is shown that a slight deviation in the ratio of oxide elements form the stoichiometric predetermines photocatalytic activity of films in the visible range of radiation.
Improving the physical-chemical properties of coatings with individual substances is possible through the deposition of alloys [13] and composites [14] [15] [16] . In the case of oxides, in order to enhance catalytic activity and corrosion resistance, the modification of films by the oxides of other metals, by metal nanoparticles, or by certain ions is applied. In [17] , a new electrode material is proposed for the electrooxidation of formaldehyde. The improved catalytic activity is ensured by the platinum nanoparticles implanted into an indium-tin oxide. High corrosion resistance in a wide range of potentials is demonstrated by the tin oxide, doped with fluoride ions [18] .
Therefore, substantial demand for protective and catalytic properties of anodic films of tin oxides predetermines the search for new techniques to improve the functional characteristics of such materials. The high cost of platinum group metals and high toxicity of fluoride ions stimulates research into modification of anodic films by ecologically clean and catalytically active dopants. In this regard, it is important to explore corrosive and catalytic properties of oxide films on tin, modified by titanium dioxide. The possibility for the synthesis of such films is shown in [19] .
The aim and objectives of the study
The aim of present work is to study corrosive and electrocatalytic properties of the modified oxide films on tin. This will make it possible to create a new technology for the anodic formation of corrosion-resistant electrocatalysts on the surface of galvanic tin coatings.
To achieve the set aim, the following tasks have been solved:
-to derive dependences of composition of the anodic films on tin, obtained in the presence of potassium metatitanate, and to estimate the effect of oxide compounds of titanium on the corrosion resistance of coatings;
-to study electrocatalytic properties of the modified oxides on tin and to reveal the mechanism of anodic oxidation of methyl tert-butyl ether on the oxide films.
Materials and methods for examining the composition, corrosive and electrocatalytic properties of the modified tin oxides
Oxide films were formed during anodic treatment of the tin electrode in the KOH solutions. We used potassium metatitanate as the modifying additive. The concentrate of potassium metatitanate was synthesized by using potassium hydroxide and titanium dioxide in the anatase modification. Prepared concentrate contained 0.13 mol/l of K 2 ТіO 3 and 2.8 mol/l of KOH.
The concentration of titanium(IV) in the starting concentrate and in the anodic films was determined by a spectrophotometric method. Colored solutions of titanium(IV) compounds with hydrogen peroxide in acidic medium were analyzed using the spectrophotocolorimeter K-2M (Russia). Calibration chart (Fig. 1 ) was built using a standard solution containing 1 g/l of Ті 4+ . The measurements were conducted at a wavelength of 400 nm, in the cuvette with a thickness of 1 cm.
When determining the content of titanium (IV) in the oxide films of a coating, we dissolved in the single-molar sulfuric acid. Then we added to this solution a 3-% solution of hydrogen peroxide with the volume brought to the mark by bidistilled water.
Determining the content of tin oxides with a different oxidation degree was conducted in line with the original methodology using coulometry [20] . Electrochemically-formed oxide film on tin was cathodically reduced in the solution containing 0.01 mol/l of KCl and phosphate buffer. Oxygen-containing compounds of titanium under these conditions are not reduced. The measurements were carried out in a standard three-electrode cell using the pulse potentiostat PI-50-1.1 (Belarus) and the programmer PR-8 (Belarus). Corrosion resistance of the oxide films on tin was estimated by the method of registration of self-activation curves. The essence of the method is in determining a period during which a potential of the oxidized tin electrode reverts to the value, characteristic for pure metal. Values of the potential were registered using the two-coordinate potentiometer N-307/1 (Belarus). Self-activation curves were derived in the 0.5 М solution of KОН. All potentials are given relative to a normal hydrogen electrode.
Concentration values of methyl tert-butyl ether (MTBE) were determined using the gas-liquid chromatograph Chrom-5 (Czech Republic). An analysis was conducted under the following conditions. We used as a fixed liquid phase polyethylene glycol on a solid carrier-chemisorb with a particle diameter of 0.2 mm. Argon was used as a carrier gas. The temperature stood at 75 °C, pressure at the inlet to the column was equal to 1.8 atm.
Research into morphology of the SnО х (TiO у ) precipitation surface was carried out using the raster electron microscope REMMA 102-02 (Ukraine).
Results of research into composition and corrosive properties of the modified oxide films
A significant advantage when obtaining oxide films by an electrochemical method is high process controllability and the possibility of variation in the ratios of oxygen compounds of titanium and tin in films.
Electrochemical formation of the mixed oxide layer of SnО х (TiО у ) on the surface of tin was performed in the alkaline electrolyte containing potassium metatitanate. A choice of titanium-containing compound is predetermined by the fact that potassium metatitanate is stable in alkaline medium. Anodic treatment of tin surface was conducted in electrolytes with an alkali content from 0.1 to 1.0 mol/l, titanium-containing additive − from 0.1·10 -3 to 5.0·10 -3 mol/l. Anodic tin oxidation was carried out using a single-stage and the two-stage techniques [20] . At a single-stage anodic treatment of tin surface, a potential of the electrode was 3.0 V. A two-stage treatment involved sequential polarization of the anode at a potential of -0.3 V and 3.0 V. Processing period at each potential ranged from 5 to 40 seconds. The surface concentration of Ті(IV) and Sn(IV) in the anodic films is in the range of 10 -8 -10 -6 mol/cm 2 . Table 1 gives values of the Ті(IV) and Sn(IV) ratios in the oxide films obtained from alkaline solutions with a content of [2] [3] ТiО ions equal to 10 -3 mol/l. Increasing the time of anodic treatment under a single-stage mode leads to an increase in the content of tin and titanium oxides in the film. A similar pattern can be observed in the case of a two-stage treatment mode. However, sequential anodic treatment of the tin electrode at potentials 0.3 and 3.0 V contributes to a substantial increase in the content of titanium compounds in the film. This pattern takes place regardless of the concentration of potassium hydroxide in the electrolyte.
It should be noted that at an overall time of the electrolysis of 20 s, during transition to the two-stage mode of anodic treatment, there is a decrease in the concentration of Sn(IV) in the film.
Content of the Ti(IV) compounds in the surface oxide film depends on the concentration of [2] [3] ТiО ions in the electrolyte and the period of anodic treatment of tin electrode (Table 2) . Table 2 Dependence of the Ti(IV) content (10 8 Increasing the concentration of titanate ions in the electrolyte from 1.0·10 -3 mol/l to 20.0·10 -3 mol/l leads to a certain decrease in the content of Ti(IV) in the surface oxide. A change in the time of anodic treatment from 50 s to 300 s also contributes to an increase in the content of Ti(IV) in the oxide film. Thus, by varying the electrolyte composition and the anodic treatment parameters, it is possible to form on the surface of tin the SnО х (TiО у ) films with the specified quantitative composition.
Noteworthy is the absence of symbasis in a change in the surface concentration and percentage of Ti(IV). This is apparently due to the fact that a certain amount of titanate ions and stannate ions penetrate the films. Consequently, there is an imbalance in a change in the molar content and percentage of Ti(IV) in the film.
Study into the SnО х (TiО у ) surface morphology revealed that titanium compounds did not form a separate phase (Fig. 2) . The surface of the sample is homogeneous and finegrained. This is apparently due to the fact that the oxide film contains a solid replacement solution of tin titanate and stannate. Oxide films on tin, modified by oxide compounds of titanium(IV), possess enhanced corrosion resistance. Table 3 shows that the time of self-activation of tin samples with such films exceeds that of the tin oxides by several times. Table 3 Time of self-activation of SnО х (TiО у ) in 0.5 mol/l of the KOH solution depending on the concentration of titanate and alkali in the electrolyte of film formation Thus, when adding 1·10 -3 mol/l of potassium metatitanate to 0.1 mol/l of the KOH solution, corrosion resistance of SnО х (TiО у ) increases 10 times in comparison with the SnО х films. With an increase in the concentration of alkali in electrolyte for the formation of oxide films, difference in the corrosion resistance grows twenty-fold. Thus, using the addition of K 2 ТіО 3 in electrolyte for the anodic treatment of tin surface makes it possible to improve significantly corrosion resistance of the oxide film.
Discussion of results of research into electrocatalytic properties of the modified oxide films on tin
The mixtures of tin and titanium oxides, obtained by physical-chemical methods, exhibit high electrocatalytic activity relative to certain oxidative reactions. Electrocatalytic properties of the SnО х (TiО у ) films were investigated for the reaction of electrochemical oxidation of MTBE in the KOH solutions with a concentration from 0.1 to 1.0 mol/l.
Dependences of a change in the ether concentration on the time of electrooxidation at a potential of 3.0 V are shown in Fig. 3 . In the presence of oxygen compounds of titanium in the composition of a surface film, the MTBE degradation process is accelerated. In this case, an increase in the content of Ti(IV) in the film leads to the increased electrocatalytic effect. An increase in the content of Ti(IV) compounds in an oxide film contributes to the growing degree of MTBE decomposition. This dependence is linear in nature. It can be attributed to the primary adsorption of MTBE molecules on the sections of anode that contains the Ti(IV) compounds. This is possible if the adsorbed MTBE molecules undergo electrodestruction directly on the surface of an oxide film. This, to some extent, can be confirmed by the character of dependence of the total anode current on the time of MTBE electrooxidation (Fig. 5) . Should the oxidation of ether proceed as a result of interaction with oxygen radicals, then the presence of MTBE in the solution would have led to an increase in the total current. This is predetermined by the offset of equilibrium in the oxygen-generating reaction. In practice, there is another dependence. Apparently, more realistic is the direct oxidation of MTBE molecules on the anode and oxygen-generating reaction inhibition by the adsorbed products of ether decomposition.
Worth paying attention to is the specific character of dependence of the total current on the electrolysis time proceeding on the film with a maximum content of Ti(IV) (Fig. 5, curve 3) . After 150 minutes of the electrolysis, the total current rises and reaches constant value. According to data in Fig. 3 , this time corresponds to the almost complete decomposition of MTBE. The constant current value matches the balance between a surface concentration of the MTBE degradation products and their volumetric content in the electrolyte. A degree of the MTBE decomposition also depends on the concentration of alkali in the electrolyte (Table 4 ). The maximum value of decomposition degree corresponds to a concentration of the KOH solution of 0.5 mol/l. This is obviously due to the fact that the films with the largest content of Ti(IV) are formed under these conditions.
The highest corrosion resistance of films is achieved during formation of oxides from alkaline solution of the same concentration. Therefore, the 0.5 M solution of KOH is optimal in order to enable stable and continuous operation of the SnО х (TiО у ) electrocatalytic films. 
Conclusions
1. We investigated effect of anodic tin treatment parameters in an alkaline solution on the composition of the formed oxide film. It was established that conducting the electrolysis in the presence of potassium metatitanate leads to the formation of the SnО х (TiОу) oxide mixture on the surface of tin. A twostage technique for the formation of oxide film at the electrode potentials of −0.3 V and 3.0 V makes it possible to substantially increase the content of titanium oxide compounds in the oxide mixture. An analysis of the composition and protective ability of the SnО х (TiО у ) films revealed that films with a maximum content of titanium compounds and the largest corrosion resistance are formed at a concentration of potassium metatitanate above 1·10 -3 mol/l. Films with enhanced corrosion resistance are formed in the presence of K 2 ТіО 3 at a significantly lower alkalinity than without the addition.
2. The electrocatalyctic activity of the modified oxide films on tin is determined. It was found that increasing the content of titanium oxide compounds in a deposit contributes to the acceleration of anodic oxidation of MTBE. It is shown that this process takes place directly on the surface of the oxide film rather than during interaction with oxygen generated on the anode. The modified oxide films on tin with maximal corrosion resistance and electrocatalytic activity are formed from the solutions that contain 0.5 M KOH.
